Charge fractionalization in 1D is already predicted for the spinless Luttinger model 4,5 .
conductance. We argue, based on a theoretical model that this observed equality proves that the tunneling electron charge fractionalizes as predicted by theory.
Charge fractionalization in 1D is already predicted for the spinless Luttinger model 4, 5 .
The charge fraction f 0 is given by
where g c is the Luttinger liquid interaction parameter. For a Galilean invariant system, , where U is the Coulomb interaction energy, and ε F is the Fermi energy. In a spinful 1D system, this charge fractionalization occurs in addition to spin-charge separation, which is another type of electron fractionalization. Spin-charge separation has been recently confirmed by spectroscopy and tunneling experiments 6-8 and will therefore not be addressed in this work.
Observing charge fractionalization in an experiment is a considerable challenge: In 2D,
Laughlin's theory of the fractional quantum Hall effect was confirmed by low-frequency shot-noise measurements 1, 3 , as well as by direct charge sensing with a single electron transistor 9 . However, FQH edge states are chiral, propagating along the edges of a 2-Dimensional Electron Gas (2DEG), so that counter-propagating modes are spatially separated. In contrast, the non-chiral quantum wire modes are confined to the same spatial channel, and cannot be contacted individually. As a result their chemical potentials renormalize in a non-trivial manner when adiabatically coupled to metallic leads, making interaction physics difficult to observe. For example, the DC 2-terminal conductance with ideal contacts is universal and given by , independent of interactions 5,10-13 . Furthermore, low-frequency shot-noise measurements in an ideal wire would only reveal the physics of the Fermi-liquid contacts, remaining insensitive to fractionalization 14 . Although this difficulty is removed at frequencies exceeding v F / g c L ~
Hz, where the excitation wave-length is shorter than the wire segment [15] [16] [17] , these frequencies are difficult to explore experimentally at low-temperatures. .
In this work we realize our own version of a multi-terminal geometry: We use a doublewire system previously applied to the study of spin-charge separation 7, 21 and localization in 1D 22 . Using momentum conservation in the tunneling process between the two wires we inject unidirectional electrons to the bulk of a wire, with fractionalization resulting in currents detected on both sides of the injection region. The ratio of these currents together with a 2-terminal reference measurement and a separate measurement of g c allows us to extract the extent of charge fractionalization.
The double quantum-wire sample ( Figure 1a ) is prepared using Cleaved Edge (Fig 2a (iii) ). Further increasing the field, we finally encounter the B + feature at B = 6.5T. In order to check whether the original directionality of the injected electrons is conserved, we now compare the conductance of both drains. Pronounced directional asymmetry emerges near the B + feature: At B = +B + left-moving electrons are injected into the LW (Fig 2a (iv) ), and the current detected at the left drain is indeed significantly stronger than on the right. Exactly opposite values appear at B = -B + , attesting to the geometric symmetry of the sample. A similar effect appears near the B -features, but is more difficult to observe since the differential conductance is small relative to a strong background signal. We note that the current associated with injection from the 2DEG is relatively symmetric. This suggests that the 2D-1D tunneling conductance may involve significant contribution from processes which do not conserve momentum.
The effect observed near -B + is quantified by an asymmetry parameter
The deviation from perfect asymmetry cannot a-priori be attributed to fractionalization since the wire is not perfect, and microscopic effects such as back-scattering can suppress AS by distributing the charge evenly in the wire before it has chance to be detected. Moreover, complicated processes associated with coupling of the interacting wire with the non-interacting leads also take place in the drains and may lead to a smaller overall asymmetry. In order to isolate fractionalization physics from such microscopic effects we also measure the 2-terminal conductance between the left and right drains. The 2-terminal conductance, being independently sensitive to these microscopic processes, allows us to extract the extent of fractionalization from AS. To demonstrate this we use a model (the geometry of which is depicted in figure 1b) derivable from Luttinger liquid theory when a single sub-band is occupied in the LW.
The model should also be a good approximation when there are several occupied subbands, as the contacts communicate with only one of the sub-bands, scattering between sub-bands is small, and gates G 1,2 transmit only the lowest sub-band. . We note that the g c dependence is a consequence of the boundary conditions at equilibrium. For the three terminal conductance, we set we obtain:
and hence the ratio:
at least for a single mode wire. This is a fundamental result: It implies that regardless of the microscopic details, it is sufficient to measure G 2T , AS and under the same conditions in order to extract f. The compiled measurements presented in Figure 4 show that the result AS = G 2T is robust: It holds for different samples, at different densities, and even when the sample has an uneven density-distribution. Returning now to Eq. 3, we have (
confirming that the fractionalization factor is 
